Objective To generate domestic dog demographic information to aid population and disease management in the Aboriginal and Torres Strait Islander communities of the Northern Peninsula Area, Queensland, Australia.
D omestic dogs in Aboriginal and Torres Strait
Islander communities in northern Australia can pose significant public health risks because of their free-roaming nature, which facilitates potential disease transmission between domestic dogs, and in the case of zoonotic diseases, to people. Free-roaming dogs in Aboriginal and Torres Strait Islander communities are known to maintain diseases with zoonotic potential such as scabies (Sarcoptes scabiei), flea-borne spotted fever (Rickettsia felis), heartworm (Dirofilaria immitis) and Toxocara canis infection. [1] [2] [3] [4] [5] They also pose a risk in the event of an incursion of exotic zoonotic disease such as rabies. 6 Poor domestic dog health (e.g. malnourishment or flea, tick or mange infestations) [7] [8] [9] has also been noted in northern Australian communities.
The Aboriginal and Torres Strait Islander communities in the Northern Peninsula Area (NPA) of Queensland, Australia, have large populations of domestic dogs. According to environmental health workers (EHWs) in the NPA, all dogs within the communities are owned and most are free-roaming; there are few, if any, unowned dogs within the communities of the NPA. Previous studies involving owned dogs in the NPA have focussed on dog roaming patterns and associated behaviour [10] [11] [12] [13] or dog-owner attitudes towards rabiesspecific control strategies. 9 This region has also been assessed recently as an area at risk of a rabies incursion. 6 Little demographic information about owned-dog populations of the NPA is available. The most recent estimation of a total dog population of 437 was concluded from a house-to-house census in 2009. 12 The population has likely changed since and the census gave no indication of the number of roaming dogs, which are the most at-risk population for disease spread.
Effective population management can alleviate safety and welfare problems that are associated with roaming dog populations. 14, 15 Disease management is also an integral part of population management to improve animal welfare and reduce public health risk from zoonoses. 15 To develop effective population and disease management strategies, demographic information about free-roaming dog populations is critical. Currently, the sizes of the owned and free-roaming dog populations in the NPA are unknown.
Previous studies of dog populations in rural areas have used a number of methods to collect demographic data. Surveys of dog owners in Tanzania, 16 Nepal, 17 Chile, 18 India, 19 Indonesia 20 and Bhutan 21 have demonstrated high puppy mortalities, low sterilisation rates and an increase in roaming dog populations. However, some of these surveys 18, 20, 22 stated that most free-roaming dogs were owned, but they either did not differentiate the free-roaming dog population or assumed that the whole population was free-roaming. Sight-resight methods of estimating roaming dog populations have been successfully used in prior studies [23] [24] [25] [26] [27] [28] and are relatively inexpensive and require few resources. However, the standard sight-resight method used in the previous studies did not account for dogs that roam on private land because only dogs on public land were counted. Dogs in the NPA roam from private land (ungated or open-gated yards) because they are owned dogs. Therefore, applying the standard method could result in inaccurate roaming dog population estimates and a failure to capture the dynamics of the dog populations.
The aim of this study was to describe owned domestic dog demographics and make accurate population estimates in the Aboriginal and Torres Strait Islander communities in the NPA using three complementary methods. These methods comprised dog-owner surveys, a sight-resight method that was suitable for the NPA free-roaming dog population and surveys of local EHWs and land and sea rangers. This information will be used to develop population management strategies to promote animal and human health in the NPA and will also be used to create the parameters of a rabies-spread disease model to more accurately predict response requirements in the event of a rabies incursion in this region. 
Methods

Study site
29
Total dog population survey Local EHWs and land and sea rangers were surveyed in 2017 to estimate the total population of domestic dogs resident in NPA communities. Community maps with house locations were provided by the NPA Regional Council. Participants used their local knowledge to state the number of dogs resident in each house in Seisia, New Mapoon, Injinoo, north Bamaga and Umagico. Puppies (< 3 months old) were not included because participants could not be sure about the status of litters of puppies. However, because of time constraints and lack of a ranger or EHW with sufficient local knowledge of South Bamaga, only 98 of 267 houses could be estimated in Bamaga. Therefore, random selection from the distribution of the number of dogs in houses in north Bamaga was used to simulate dog numbers (100 iterations) and estimate a range of dog numbers resident in South Bamaga. The total NPA dog population was estimated by summing the totals from the other four communities to each of the 100 Bamaga simulations. Summary statistics on the resulting distribution were used to describe the estimated total dog population.
Roaming dog population estimation
Roaming dog counts. A roaming dog count was conducted in August 2016 and followed the sight-resight count process recommended by World Animal Protection (WAP). 30 In the standard method used for roaming dog counts as defined by WAP, a roaming dog is a dog outside private property and unrestrained by humans. In the current study, the standard method was used with private property defined by fences surrounding houses and only dogs that were entirely on the public side of the fence were counted. In addition to the standard method, we also used a modified method in which dogs that were unrestrained in private yards with access to public areas (gates open or absent) were defined as 'roaming'. Dog counts were conducted in three communities (Bamaga, Seisia and Injinoo). Because of its size, Bamaga was split into two subcommunities: north and South Bamaga, separated by Mosby Creek. Researchers followed predetermined routes along residential roads and counted dogs on two consecutive days. Counts were conducted by the same researchers in each community (one team of two and a single researcher). Each count started at approximately 06:30 hours. Each counter was equipped with an iPad and stored information collected about counted dogs in records in a database app (Ninox 2.1.1 edn, Ninox Software, Germany, 2015). Information entered into the records included the location of the dog upon sighting (in a yard with public access or in a public area), time of sighting, distinguishing features and a photograph of each dog (the 'sight' method; Figure 1 ). The same procedures were followed in each community on each day. On day 2, researchers noted whether dogs were resighted ('yes', 'no' or 'unsure') during the survey and examined photographs following the survey to confirm resight status.
Analysis of roaming dog counts. For the standard method, only dogs that were counted in public areas were analysed. For the modified method, all dogs counted in private yards with public area access and public areas were analysed. For example, a dog seen on day 1 in an ungated yard and seen again on day 2 on the road would be counted as a new dog in the standard method and as a resighted dog in the modified method on day 2. A comparison of dog location (yard or road) between the two consecutive dog counts was also analysed to determine movement between public and private areas. The estimated roaming dog population in each community measured by the standard and modified sight-resight methods was calculated using the Chapman-adjusted Lincoln-Petersen estimate 31 (equation (1)), in which n1 and n2 were the total number of dogs counted on the first and second days, respectively, and m2 was the number of dogs resighted on day 2 for each community. The Chapmanadjusted Lincoln-Peterson index has been commonly used to analyse sight-resight data 23, 24, 26, 27 because it requires only one recount event and is simple to compute. Therefore, it is beneficial for studies with time and resource constraints. 27 The total free-roaming population for the NPA was calculated by summing the individual community estimates.N
Variance, standard deviation and 95% confidence intervals (CI) were also calculated using equations (2), 32 (3) and (4), respectively.
Roaming dog density estimation. Human-to-roaming dog ratios for each community were estimated using human population sizes obtained from the Australian Bureau of Statistics (ABS) 2016 census data 29 for the urban centre and localities of each of the NPA communities. The area of these urban centres was used to estimate the roaming dog density (dogs/km 2 ) for each community.
Domestic dog survey
Questionnaire design and implementation. A structured ques-
tionnaire consisting of open-ended and closed questions was used to survey dog owners in the NPA communities about domestic dog demographics and movements (Supplementary Figure 1) . The questionnaire was piloted with four separate dog owners prior to implementation to ensure clarity of questions. Pilot participants took approximately 5 min to complete the questionnaire. The survey was conducted from 9 to 13 May 2016 and questions were given and responded to in English. Dog owners over the age of 18 years were the target population and verbal consent was given to participate in the survey once the study aims were explained and confidentiality assured. Participants were opportunistically selected and all questionnaires were administered as face-to-face interviews by the first author and verbal answers were recorded by the lead author in a database app (Ninox) on an iPad. The target number of responses was 65 to estimate the mean age of the dog population with 95% confidence and a precision of 0.7 years. The questionnaire and the survey process were approved by The University of Sydney's Human Research Ethics Committee (no. 2013/757).
Data management and analysis. Questionnaire data were imported into Microsoft Excel (Microsoft Excel for Mac. 15.32 edn, Microsoft Corporation. 2016). All descriptive and statistical analysis was performed in R (R Foundation for Statistical Computing, Vienna, Austria, 2016). Summary statistics and plots were used to describe and illustrate owner characteristics and dog demographics. Fisher's exact test was used to test associations between dog demographics and dog sex, owner sex and community movements.
Results
Total dog population estimate
The total numbers of dogs in each community are shown in Table 1 . In Bamaga, the median number of dogs per house was 0 (range, 0-7) in the houses that were counted. Based on this distribution, the mean total dog population size of Bamaga was estimated to be 374 (range, 331-429) and was the largest dog population of the five communities, followed by New Mapoon (144). Umagico had the smallest dog population (76). The mean total dog population in the NPA was 813 (range, 770-868). The mean number of houses with dogs was 300 (range, 286-318), which was 45% (range, 43-47%) of all occupied houses (n = 672). Of the houses with dogs, the mean number of dogs per house was 2.7 (range, 1-10).
Roaming dog population estimate
The number of dogs counted and resighted, roaming dog population estimates and dog density in each community are shown in Table 2 . The population estimates derived using the modified method were higher in all communities except South Bamaga. For both the standard and modified methods, the largest roaming dog population was 
Respondent demographics
A total of 65 questionnaires were completed by dog owners for their house. All the owners who were approached agreed to participate. These participants owned 165 dogs. More than one dog owner (maximum three dog owners) lived in 7 of the 65 houses, a total of 73 dog owners and 178 dogs. The median number of dogs per house was 2 (range, 1-9) and the median number of dogs per owner was 2 (range, 1-9). Most participants resided in Bamaga (34%), followed by New Mapoon and Injinoo (20% each). Based on the estimate of the total number of dogs in the NPA, the survey represents approximately 22% of the houses with dogs and 22% of the dog population (Table 1) . More male dog-owners were surveyed than females (60% and 40%, respectively). Most (65%) participants were aged 30 − 49 years (23% female and 42% male), followed by participants aged over 50 years (26%; 9% female and 17% male). The remaining participants (9%) were 18-29 years of age (7% female and 2% male).
Dog demographics
Only dogs that were owned by the 65 participants were included in analysis because answers given by participants were only considered reliable for their own dogs. Of the 165 dogs owned by the participants, 83 were female and 82 were male; 23 dogs (14%; 95% CI 9-19) were desexed. Female dogs were more likely to be desexed (P = 0.02). Male owners were more likely to have entire dogs (P = 0.06). Most dogs were aged 0−2 years (58%); 17 dogs were of unknown age (Figure 2 ). The mean age of the 148 dogs with known age was 2.5 years. The majority of dogs (44%) were acquired as a gift and 20% were offspring of a previously owned dog (Figure 3 ). Dog types were pet (65%; 95% CI 58-72) and hunting (35%; 95% CI 28-42); for the latter, more than half were male dogs. Only one dog was kept as a guard dog (a female). There was no significant association between the use and the sex of the dog (P = 0.2; Table 3 ). However, male owners were more likely to own hunting dogs than female owners (P = 0.01) and hunting dogs were also more likely to be entire than were pet dogs (P = 0.004).
Dog movements
Most of the dogs (54%; 95% CI 46-62) had been temporarily taken out of their resident community in the previous 12 months; the majority went to Pajinka (the tip area of Cape York) for hunting (45%), followed by travel to another NPA community for recreational activities such as camping or going to the beach (30%). The trips out of the community were usually short; most (83%) were only day-trips for hunting, recreation and work, followed by overnight trips (10%) for hunting and weekend (5%) trips for recreation. The area and human population data were gathered from ABS 2016 census data 29 for each urban and town centre locality of each community. † Calculated by summing the counted area estimates from North and South Bamaga.
‡ Bamaga North and South are based on the mean total population of Bamaga. CI, confidence interval.
Travel for veterinary services was up to 2 weeks long because this required travel to Cairns via car and constituted 2% of all trips out of the NPA. Hunting dogs were significantly more likely to be taken out of their resident community in the previous 12 months compared with pet dogs (P < 0.001). Most respondents (66%; 95% CI 54-78) had other dogs visit their house. Of these respondents, 44% said they fed the visiting dogs and 67% said dogs came regularly (daily to a few times per week; Table 4 ). Houses with fewer than three dogs were more likely to have other dogs visit (P = 0.02). The number of dogs that visited and the frequency of visits were not significantly associated with respondents that fed other dogs (Table 4) . If there was a disease outbreak, 14% (95% CI 6-22) of respondents stated that they would still take their dogs on trips outside their resident community (13% of dogs; 95% CI 8-18).
Birth and death rates
There were 44 female dogs that were ≥ 1 year of age and not desexed. Of these, 18 had whelped in the previous 12 months and of these, 16 gave birth to 154 puppies (mean of 3.3 puppies/breeding female/year [interquartile range, 0-6.25 puppies] and 2.4 puppies/ dog-owning house/year [interquartile range, 0-1]). More than half (53%) of these puppies died shortly after birth (< 8 weeks old). Over half (54%) of respondents had at least one dog die in the previous 12 months. Of the 109 dogs reported as dead, 90% were aged 0-2 years. Overall, a mean of 1.7 dog deaths/dog-owning house/year (interquartile range, 0-1) was reported.
Discussion
This study identified key demographics of the NPA dog population that need to be considered when developing population and disease management strategies. These include total population size greater than that estimated in 2009 (813 in current study; increased from 437 in 2009 12 ), a high proportion of free-roaming dogs, a low proportion of sterilised dogs and a high birth rate. To facilitate population and disease control, activities such as sterilisation, movement of dogs for hunting, acquiring dogs from outside the NPA and feeding other roaming dogs could be targeted.
Survey results suggested that most NPA dogs are free-roaming (52.8% and 66.7% for standard or modified method, respectively). This is consistent with other Australian Aboriginal and Torres Strait Islander communities. 7, 8, 33 Although the overall estimated roaming dog density (27.49 dogs/km 2 modified and 21.81 dogs/ km 2 standard) was smaller than an estimate (30 dogs/km 2 ) in Numbulwar, Northern Territory, 7 Injinoo in the NPA had a considerably greater density (53.14 and 61.25 dogs/km 2 standard and modified respectively). Disease transmission is likely driven by the free-roaming dog population because of greater opportunity for contact compared with the non-roaming population. Therefore, the high proportion of roaming dogs in the NPA poses a substantial risk of disease transmission; 6,15 a population management goal of potential benefit to disease control would be to reduce roaming dog numbers or restrict roaming behaviours.
The high estimated birth rate compared with the estimated death rate and negligible long-term dog movements outside the NPA are likely drivers for the population increase since 2009. The high birth rate is facilitated by the increased opportunity for contact because of the roaming nature of most of the dog population and the low proportion of sterilised dogs in the NPA. Increasing the proportion of sterilised dogs is an important population management strategy because it directly controls the roaming population, limiting the number of dogs available for reproduction. 34, 35 In addition to reducing birth rate, sterilisation has been demonstrated in some studies to reduce roaming by male dogs, 36 including in Australian Aboriginal and Torres Strait Islander free-roaming dog populations. 11, 37 Although sterilisation could complement population management in the NPA in this way, further research is required because its effect on roaming might not be consistent.
38,39 Previous studies have shown that dogs will roam if available feed is inadequate. 40, 41 In the current study, many respondents fed roaming dogs that they did not own when the dogs visited their house. Houses with fewer than three dogs were more likely to be visited by roaming dogs, possibly because of territorial behaviours. However, the frequency of dog visits, the number of dogs in the house and the number of dogs visiting were not associated with whether the owner fed the dogs (Table 4 ). This suggested that feed availability might not be a strong factor contributing to roaming of dogs in the NPA. The number of people that feed roaming dogs they do not own might be much larger because we did not survey non-dog owners. Controlling supplementary feeding through increased resources for dog owners to supply their own dogs with adequate nutrition and community-wide educational programs might reduce dog roaming and contribute to population management.
Human-mediated movement of dogs facilitates disease spread. [42] [43] [44] [45] For example, in Bali during a rabies eradication campaign, humans moved or hid their dogs to avoid mass culling, thus increasing rabies spread. 43, 46 In the NPA there were a high number of humanmediated movements outside of resident communities reported in the previous 12 months, especially hunting day-trips. These hunting trips create opportunities for intercommunity disease transmission. Dogs hunting in bush areas are also more likely to encounter wildlife (such as dingoes and wild dogs), providing an opportunity for disease transmission with wild populations. This information not only can directly inform population and disease management through targeted movement restrictions on hunting dogs and education of their male owners; but also can be used in disease simulation modelling to further understand how disease might spread within the NPA.
The sight-resight method and Lincoln-Petersen index were considered the best methods for free-roaming dog estimation in the NPA because of time constraints (only one recount event is needed). Bamaga was surveyed in two sections (separated by a creek) and dogs could have moved between sections during the survey, with evidence of dogs roaming up to 40 ha. 10 These factors could affect the 'closed-population' assumption of the sight-resight methods. However, we expect any measurement bias to be minimal, with previous GPS studies in the NPA demonstrating that most dogs stay within their communities around their owner's residence. 12, 13 Also, the presence of the creek forms a natural barrier to roaming.
The modified sight-resight method used to estimate the size of the free-roaming dog population in the NPA communities had a more suitable definition of a roaming dog because it accounted for the roaming context. However, the modified method had an increased area of counting and subsequent counting obstacles (e.g. parked cars and sheds), which could mean some dogs that were within private yards might not have been observed and were therefore not counted. This could lead to potential inaccuracies with the method and could explain why a higher roaming dog population was estimated compared with the total dog population in Injinoo. Also, we conducted our dog counts early in the morning, as recommended based on dog roaming behaviour. [25] [26] [27] 30 In the NPA, sunrise may not be the optimal time for counting because all dogs are owned and the time of roaming is likely influenced by the owner's activities. For example, some dogs only roam during the day to follow their owner to work. 11, 13 This could have affected the number of roaming dogs and their distribution on roads and private land, and therefore over-or underestimating of the roaming dog population for both sightresight methods. Repeating the survey with both standard and modified methods at different times of the day is needed to further understand roaming patterns and subsequently what time is best for surveying the roaming dog population in the NPA.
Finally, there are some wild dogs and dingoes that reside in the NPA and we know that some domestic dogs roam out into the bush, which could affect disease management and spread within the communities. However, our focus was on the domestic dog population because the wild canids rarely come into the communities and are unlikely to be the main source of infection within communities. Also, if the domestic dog population is managed through sterilisation and vaccination, irregular entries from wild dogs and dingoes are less likely to cause disease spill-over events in communities.
Conclusion
This study showed that the free-roaming dog population in the NPA was the majority of the total dog population. The demographic information provided in this study can be used to develop effective population management strategies to reduce the risks and problems caused by free-roaming dogs. Also, the information can be used in disease-spread simulation models to inform disease management and preparedness plans for an incursion of an exotic disease such as rabies.
